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Abstract

Pneumocystis jirovecii is an opportunistic fungal pathogen responsible for Pneumocystis pneumonia
(PCP), a severe infection that remains a major cause of morbidity and mortality among
immunocompromised patients, particularly in non-HIV immunosuppressed populations. Despite
its recognized clinical relevance and inclusion in the World Health Organization’s Fungal Priority
Pathogens List, important gaps persist in its diagnosis, epidemiology, and therapeutic management.
This study provides a comprehensive bibliometric analysis of global scientific production on P.
jirovecii using Scopus as the primary data source. Publications were evaluated for temporal trends,
document types, authorship patterns, institutional productivity, collaboration networks, funding
sources, thematic evolution, and journal distribution, with additional comparison against other
major pneumonia-associated pathogens. A total of 27,396 articles published between 1916 and 2025
were identified. Over the last 50 years, scientific output increased from 10,382 publications in 1975-
2000 to 16,496 in 20012025, representing an overall growth of 58.9%. Early research expansion was
strongly shaped by the HIV/AIDS epidemic, whereas the post-2000 period reflected advances in
molecular diagnostics, taxonomic clarification, and broader attention to non-HIV
immunosuppressed populations. Although the field has become more diversified and clinically
integrated, persistent structural inequities and underinvestment continue to limit progress,
particularly in low- and middle-income settings.

Keywords: bibliometric analysis; Pneumocystis jirovecii; research trends

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0901.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2026 d0i:10.20944/preprints202604.0901.v1

2 of 21

1. Introduction

Pneumocystis jirovecii (historically referred to as Pneumocystis carinii in earlier literature) is an
opportunistic fungus with a predominantly pulmonary tropism, capable of causing a potentially life-
threatening pneumonia in immunocompromised individuals (1-3). Preumocystis pneumonia (PCP)
typically occurs in patients with impaired cell-mediated immunity, including individuals living with
human immunodeficiency virus (PLHIV) infection, patients with malignancies—particularly
hematologic neoplasms—transplant recipients, and individuals receiving immunosuppressive
therapies, such as prolonged glucocorticoid use in combination with other immunomodulatory
agents (4, 5).

From a historical perspective, Pneumocystis gained epidemiological relevance following its
identification as a cause of pneumonia in postwar Europe and later achieved global prominence
during the HIV epidemic of the 1980s, when PCP became established as a defining opportunistic
infection of acquired immunodeficiency syndrome (AIDS) (6, 7). The introduction of primary
prophylaxis and the widespread implementation of combined antiretroviral therapy (HAART/cART)
led to a substantial decline in the incidence of PCP among HIV-infected populations (8, 9).
Nevertheless, the disease continues to represent a major clinical challenge, particularly in settings of
HIV-unrelated immunosuppression, where presentation is often more abrupt, the clinical course
more fulminant, and mortality significantly higher (5, 10).

It is currently estimated that Pneumocystis infections have an approximate annual global
incidence of 505,000 cases, with an associated mortality rate of 42.4%, corresponding to nearly 214,000
deaths per year (11). In this context, and in recognition of its significant clinical impact as well as the
persistent challenges related to timely diagnosis, effective treatment, and prevention, P. jirovecii has
been included in the World Health Organization’s Fungal Priority Pathogens List, within the
medium-priority group (12). This classification aims to guide research efforts, the development of
diagnostic and therapeutic tools, and the implementation of global public health strategies, with the
purpose of reducing the disease burden and mortality associated with this pathogen. In doing so, it
seeks to contribute to the achievement of Sustainable Development Goal 3, which focuses on ensuring
healthy lives and promoting well-being for all populations, particularly through the control of
communicable diseases and the reduction of preventable mortality (13).

Despite its well-recognized clinical and epidemiological relevance, research on P. jirovecii
continues to be marked by substantial knowledge gaps. These limitations encompass fundamental
aspects of the pathogen’s biology, including its life cycle, the mechanisms regulating the transition
from asymptomatic colonization to invasive disease, and the true dynamics of transmission across
different populations and healthcare settings (14, 15).

Consistent with these fundamental uncertainties, the diagnosis of PCP remains a significant
challenge. The standardized differentiation between colonization and active pneumonia is
particularly complex in patients without HIV infection, in whom lower fungal burdens compromise
the performance and reproducibility of currently available biomarkers (16). In addition, there is a
scarcity of robust evidence linking genetic alterations in P. jirovecii to therapeutic failure and adverse
clinical outcomes, as well as a limited availability of comparable data on molecular epidemiology at
the genotype level and on the occurrence of nosocomial outbreaks (17, 18).

Across these domains, these gaps are profoundly shaped by the inability to reproducibly culture
P. jirovecii in vitro, which restricts experimental investigation of its biology, precludes the
performance of standardized antifungal susceptibility testing, and limits both the development of
new therapeutic strategies and the functional validation of molecular findings (15, 19).

This information gap is particularly relevant in low- and middle-income countries, where the
true burden of PCP remains uncertain or underestimated, and limitations in research resources
further exacerbate inequalities in evidence generation and in the comprehensive understanding of
the pathogen (20, 21).

In this context, the objective of the present study is to conduct a bibliometric analysis of the
scientific literature on P. jirovecii, examining historical evolution and current trends in order to
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identify areas of greater and lesser development, scientific collaboration networks, and emerging
lines of research, thereby providing an objective framework to help guide future investigations and
clinical and public health strategies in this field.

2. Materials and Methods
2.1. Data Source and Bibliographic Time Window

This study used Scopus® https://www.scopus.com as the primary bibliographic database due
to its extensive multidisciplinary coverage, which includes more than 28,000 high-impact scientific
journals, as well as the availability of standardized metadata fields suitable for bibliometric and
scientometric analyses (22, 23). Scopus shows substantial overlap with Web of Science in its indexing
of high-impact journals and also covers a considerable proportion of the biomedical literature
included in PubMed. However, its broader and more multidisciplinary scope incorporates additional
sources not indexed in these databases. Therefore, Scopus represents a robust and appropriate source
for conducting comprehensive bibliometric analyses (24).

The search was conducted using the Advanced Search interface of Scopus, and the dataset was
retrieved and exported on 9 February 2026. To assess the historical evolution of scientific production,
two distinct temporal windows were considered: 1975-2000 and 2001-2025.

2.2. Search Strategy

A structured search strategy was designed to identify scientific literature related to P. jirovecii
and Prneumocystis pneumonia (PCP). The query was applied to the Title, Abstract, and Author
Keywords fields using the Scopus TITLE-ABS-KEY operator. The search equation combined terms
related to both the etiological agent and the associated clinical descriptors.

Exact query used in the Scopus Advanced Search (as executed):

[TITLE-ABS-KEY ("Pneumocystis jirovecii") OR TITLE-ABS-KEY ("Pneumocystis carinii") OR
TITLE-ABS-KEY (pneumocystosis) OR TITLE-ABS-KEY ("Pneumocystis pneumonia")].

After the initial search, the bibliometric analysis was restricted to two temporal periods, 1975-
2000 and 2001-2025, in order to evaluate changes in scientific output over time. No language
restrictions were applied, allowing a comprehensive assessment of the global scientific production
on this topic.

2.3. Bibliometric Data Extraction

For each retrieved record, bibliographic and bibliometric metadata fields available in Scopus
were extracted to support performance analysis and scientific mapping. The indicators analyzed
included:

= Productivity indicators: year of publication, document type, source title, and subject area.

= Collaboration indicators: authorship information, institutional affiliations, and
countries/regions, used to assess co-authorship patterns.

. Thematic indicators: author keywords and indexed keywords (when available), used for co-
occurrence analysis and thematic mapping.

=  Source indicators: leading journals/sources based on publication volume and citation impact,
according to citation counts provided by Scopus.

2.4. Bibliometric Data Analysis

A standard bibliometric workflow was adopted, consisting of the following steps:

= Retrieval of records from Scopus using the predefined query and filters.
=  Export of the resulting dataset (9 February 2026).

=  Descriptive analysis of publication and citation patterns.

=  Network visualization through scientific mapping.
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Descriptive analyses included the assessment of annual publication trends, distribution by
document type and subject area, and identification of the most productive and/or most cited sources,
countries, institutions, and authors, as appropriate.

Scientific mapping and network visualization were performed using VOSviewer, generating
bibliometric network maps such as keyword co-occurrence and co-authorship networks, depending
on the scope defined in the Results section.

Unless otherwise stated, no additional manual exclusions were applied beyond the predefined
Scopus filters (time window and search strategy). If any post-retrieval relevance screening was
conducted —for example, removal of false positives due to terminological ambiguity —the number of
excluded records and the exclusion criteria would be explicitly reported in this subsection.

2.5. Comparative Bibliometric Analysis of Major Pneumonia-Associated Pathogens (2001-2025)

To contextualize the scientific development of P. jirovecii research within the broader landscape
of pneumonia-associated pathogens, a comparative bibliometric analysis was conducted focusing on
major bacterial, viral, and fungal etiological agents of pneumonia. The analysis was restricted to
publications indexed in Scopus between January 1, 2001, and December 31, 2025.

Structured search queries were designed using the TITLE-ABS-KEY field to retrieve publications
explicitly addressing pneumonia in association with each pathogen. The search strategy for each
pathogen is shown in Supplementary Material 1.

All searches were conducted on the same date to ensure consistency of database coverage. No
language restrictions were applied. Document types were not limited in order to capture the overall
volume of scientific production across pathogens.

The primary outcome measure was the total number of publications retrieved for each pathogen
during the study period. The objective of this comparative approach was not to perform pathogen-
specific epidemiological analysis, but rather to evaluate relative research intensity and thematic
prioritization within the global scientific agenda on pneumonia.

Given the exceptional surge in publications following the emergence of the COVID-19
pandemic, results related to SARS-CoV-2 were interpreted with caution and considered separately
in the discussion to account for post-2020 publication inflation.

3. Results and Discussion
3.1. Publication Output and Document Types

The bibliographic search strategy retrieved a total of 27,396 documents published between 1916
and 2025, confirming a sustained scientific output spanning more than a century of research on
Pneumocystis and PCP.

When the analysis was restricted to the period 1975-2000, corresponding to the first 25 years of
the modern bibliographic window considered in this study, 10,382 publications were identified. Of
these, 7,377 were original research articles, followed by 951 reviews, 885 letters, 504 conference
papers, and 302 notes, while the remaining documents were classified under other document types.
During this period, scientific output was predominantly published in English, French, German, and
Spanish, reflecting the historical leadership of Europe and North America in this field of research.
The distribution of document types across the analyzed time periods is shown in Figure 1.

In contrast, the analysis of the 2001-2025 period revealed a substantial increase in scientific
production, with a total of 16,496 documents published. Within this set, 11,551 were research articles,
2,554 were reviews, 970 were letters, 373 were conference papers, and 343 were notes, while the
remaining publications were grouped into other categories. During this stage, English became the
clearly dominant language, followed by Spanish, and to a lesser extent Chinese, French, and Japanese,
suggesting a geographic expansion of scientific interest and increased participation from non-
Western regions in contemporary research.
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Considering the publications produced between 1975-2000 (n = 10,382) and 2001-2025 (n =
16,496), a substantial increase in scientific output was observed, with an overall growth of
approximately 58.9%. This increase was not abrupt but rather sustained over time, as reflected by an
average annual growth rate of approximately 1.87% per year, suggesting a progressive and steady

Conference Paper
5%
Others.
7%

expansion.

Figure 1. Distribution of document types published on Pneumocystis and Pneumocystis pneumonia during the
periods 1975-2000 (A) and 20012025 (B).

3.2. Publications by Year and the More Cited Keywords

Based on the collected data, a keyword co-occurrence analysis integrated with scientific
production over time was performed, allowing the identification of the main thematic clusters and
their historical evolution (Figure 2). The decade-based analysis (Figure 3) demonstrates a close
correspondence between changes in scientific output and the conceptual development of
Pneumocystis research between 1916 and 2025.

Between 1975 and 1980, scientific output remained relatively low and stable, reflecting an early
exploratory phase dominated by descriptive clinical reports, histopathological observations, and
case-based studies. During this period, prevailing themes focused on the basic clinical
characterization of PCP in immunocompromised patients, in the absence of a clearly defined global
epidemiological framework.
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Figure 2. Keyword co-occurrence network and thematic clusters in Pneumocystis jirovecii research. Bibliometric
network visualization generated with VOSviewer showing the co-occurrence of author and indexed keywords
related to Pneumocystis pneumonia. Three major thematic clusters are identified: (red) clinical presentation and
diagnostic workup, including HIV infection and pneumocystosis; (blue) patient population characteristics and
study design, encompassing age, sex, and retrospective or controlled studies; and (green) immunosuppressive
therapies and clinical outcomes, highlighting treatment regimens and follow-up. Node size reflects keyword

frequency, while link thickness indicates the strength of co-occurrence between terms.

In contrast, the decade from 1981 to 1990 was characterized by a progressive increase in
publications, coinciding with the emergence of the HIV/AIDS epidemic. This expansion was
accompanied by a broadening of thematic scope toward core biomedical disciplines, including
immunology, infectious diseases, and public health. As a result, PCP became firmly established as a
key opportunistic infection—a shift that explains both the sustained growth in scientific output and
the increasing diversification of research approaches during this period.

The temporal analysis of scientific output on Pneumocystis and pneumocystosis shows sustained
growth throughout the twentieth century, interrupted by a transient plateau toward the late 1990s.
In particular, between 1997 and 2000, a relative decline in the number of publications is observed,
giving rise to a non-linear dynamic characterized by a brief stagnation followed by a sustained
rebound in subsequent decades (Figure 3). This pattern does not reflect random fluctuations in
academic interest, but rather mirrors structural transformations in the clinical, epidemiological, and
methodological context of the field. The observed plateau temporally coincides with the introduction
and rapid expansion of highly active antiretroviral therapy (HAART) in high-income countries,
together with primary prophylaxis using cotrimoxazole, which led to an abrupt decline in the
incidence and mortality of PCP among people living with HIV (8, 25-28).
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Figure 3. Annual publication trends on Pneumocystis and Pneumocystis pneumonia (1916-2025), highlighting

major shifts in research focus and scientific output across distinct historical periods.

In this context, the disease ceased to be perceived as a dominant clinical emergency and came to
be regarded as a largely controlled opportunistic infection, generating a perception of a “resolved
problem” that reduced clinical urgency and the incentive for new therapeutic and epidemiological
studies, thereby contributing to a transient contraction in the volume of publication (8, 28, 29). This
effect was further reinforced by a transitional technological gap during the same period, as molecular
biology tools were not yet sufficiently standardized or widely available. This limitation constrained
the formulation of new research questions related to fungal burden quantification, the differentiation
between colonization and active infection, and the exploration of the pathogen’s genetic diversity (30,
31).

In contrast, the sustained increase in publications from the early 2000s onward reflects a
qualitative reconfiguration of the field. The progressive standardization of molecular techniques—
particularly PCR and later real-time PCR—redefined diagnostic approaches and enabled new lines
of research focused on pulmonary colonization, fungal burden dynamics, and pathogen detection in
less invasive samples, thereby substantially expanding the range of clinical and epidemiological
questions that could be investigated (32, 33). In parallel, the taxonomic recognition of P. jirovecii as
the species specific to humans prompted conceptual revisions, reinterpretations of historical series,
and comparative studies, reinforcing its identity as a highly specialized, strictly host-dependent
fungus (1, 34-36).

This was accompanied by a shift in the epidemiological profile of the disease. In the post-
HAART era, pneumocystosis gained greater relative relevance in non-HIV populations—including
transplant recipients, patients with malignancies, those receiving immunosuppressive therapies, or
critically ill individuals—in whom clinical presentation is often more severe and diagnosis more
delayed, reintroducing Preumocystis as an ongoing clinical challenge and stimulating observational,
prognostic, and therapeutic management studies (9, 37-39). Moreover, it became evident that the
benefits of antiretroviral therapy critically depended on treatment adherence and the appropriate
management of therapeutic regimens (25). Exposure to prior monotherapies, treatment interruptions,
and suboptimal adherence favored the selection of resistant viral variants, leading to virological
failure and incomplete recovery of cellular immunity (40). In this context, these factors may also have
contributed, to a lesser extent, to the occurrence of opportunistic infections, including PCP, thereby
helping to reactivate clinical and epidemiological interest in the disease (8).

Finally, between 2021 and 2025, scientific production remained at high levels, with moderate
year-to-year fluctuations. Figure 3 suggests a stabilization of the field at a high productivity
threshold, with a thematic emphasis oriented toward clinical outcomes, therapeutic management,

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0901.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2026 d0i:10.20944/preprints202604.0901.v1

8 of 21

and emerging research contexts. During this period, a transient increase in publications associated
with the COVID-19 pandemic is also observed (41, 42). The apparent decline observed in the final
year should be interpreted with caution, as it is likely attributable to delays in indexing processes
rather than to a genuine reduction in scientific activity.

3.3. Authors

The analysis of the most prolific authors by temporal periods (Table 1) reveals a clear
differentiation between the foundational phase of the field (1975-2000) and its stage of consolidation
and diversification (2001-2025). During the 1975-2000 period, scientific production was markedly
concentrated among a small group of pioneering researchers, led by Walter T. Hughes, Peter D.
Walzer, and Henry Masur. These authors combined high productivity with substantial scientific
impact, as reflected by elevated average citation counts and high h-index values. This core group was
predominantly affiliated with academic and clinical institutions in the United States, underscoring
the central role of this country in the early generation of knowledge on Preumocystis.

In contrast, the 2001-2025 period shows a partial reconfiguration of scientific leadership, led by
Andrew Harold Limper and David W. Denning, alongside the continued presence of previously
established authors and the emergence of new key contributors. This stage is characterized by greater
geographic diversity, with a more visible presence of European institutions— particularly from the
United Kingdom and France—as well as a sustained increase in average author impact, suggesting
enhanced international visibility and influence of research during this period.

Taken together, these patterns reflect not only the historical evolution and thematic maturation
of the field, but also a persistent geographic asymmetry in knowledge production. The concentration
of scientific leadership in high-income countries highlights the need to promote and strengthen the
development of leaders in the field of mycoses in low- and middle-income countries, where these
infections remain closely associated with underdiagnosis, limited diagnostic infrastructure and
funding, and consequently high morbidity and mortality rates. From this perspective, identifying
these gaps represents a strategic opportunity to guide capacity-building efforts, international
collaboration, and the generation of locally relevant evidence in settings with a higher disease burden.
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Top 10 most prolific authors in Scopus (1975-2000)

Top 10 most prolific authors in Scopus (2001-2025)

Rank Author/ Scopus ID Affiliation Country n Citations / Hi Rank Author Affiliation Country n pub Citations/Mean  Hi
pub Mean citations citations
1 Walter T. Hughes St. Jude Children's United 115 4,911/42.7 34 1 Andrew Harold Limper Mayo Clinic United States 112 5,153 / 46 31
7202094239 Research Hospital States 7006099760
2 Peter D. Walzer University of United 101 3,697 / 36.6 37 2 David W. Denning The University of United 109 10,534 33
7007081824 Cincinnati States 7102640098 Manchester Kingdom
3 Henry Masur NIH Clinical United 100 7,440/ 74.4 42 3 Melanie T. Cushion University of Cincinnati United States 97 2,297 29
56744299400 Center (CC) States 35474601800 College of Medicine
4 Marilyn S. Bartlett Indiana University United 94 2766 / 29.4 29 4 Laurence Huang UCSF School of United States 90 4,327 33
7102151507 School of States 56144978300 Medicine
Medicine
5 Queener, Sherry F. Indiana University United 91 3,382 /37.1 35 5 Gilles Nevez Université de Bretagne France 73 1,369 /18.7 21
7006547726 School of States 7003589276 Occidentale
Medicine
6 James W. Smith Indiana University United 90 2,728 /30.3 30 6 Joseph A. Kovacs National Institutes of United States 71 2,684 /37.8 28
9844027900 School of States 7202246288 Health Clinical Center
Medicine
7 Robert F Miller University College United 69 2000/ 29 25 7 Eduardo Dei-Cas Center for Infection and France 60 1,981/33 26
55547118657 London Kingdom 7006604602 Immunity of Lille (CIIL)
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8 Eduardo Dei-Cas Center for France 65 1,774 127 27 8 Chaohung Lee Indiana University United States 58 1,141/19.6 20
7006604602 Infection and 7410145264 School of Medicine
Immunity of Lille
(CIIL)The

institution will
open in a new tab,

Lille, France

9 Melanie T. Cushion University of United 62 1,959 /31.5 28 9 Theodore J. Kottom Mayo Clinic, Rochester United States 55 1,079 /19.6 17

35474601800 Cincinnati College States 6603350625

of Medicine

10 Joseph A. Kovacs National Institutes United 60 5,097 /84.9 34 10 Robert F. Miller University College United 55 2,331/42.3 24
7202246288 of Health Clinical States 55547118657 London Kingdom
Center

). Distributed under a Creative Commons CC BY license.
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3.4. Most Productive Countries

The geographic distribution of scientific production on Pneumocystis shows a marked
concentration in a limited number of countries across both study periods (Figure 4). Between 1975
and 2000, the United States dominated global output (n = 4,581), followed at a considerable distance
by Canada (n =218) and Australia (n=131). European countries such as France, Germany, the United
Kingdom, Italy, and Spain showed moderate but comparatively lower contributions, while
production from Latin America, Africa, and most of Asia remained limited during this initial phase.
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Figure 4. Global distribution of Pneumocystis research output by country during 1975-2000 (B) and 2001-2025
(A)-

In contrast, the 2001-2025 period reveals both consolidation and geographic diversification of
research activity. Although the United States maintained its leading position (n = 5,318), substantial
growth is observed in China (n = 1,208), Canada (n = 549), India (n = 521), Australia (n = 480), and
Brazil (n =331). European countries collectively increased their output, and a noticeable expansion of
scientific contributions emerged from Asian countries, the Middle East, and South America. Despite
this broader participation, research productivity remains unevenly distributed, with North America,
Western Europe, and selected Asian countries accounting for most global publications.

When evaluating the international collaboration network analysis for the most recent years, a
highly centralized structure is observed, with the United States functioning as the main global hub
(Figure 5). European countries form a dense and highly cohesive collaborative cluster, characterized
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by strong intra-regional interactions. In parallel, Asian countries—particularly China, Japan, and
South Korea—exhibit rapid growth and increasing centrality within the network, reflecting their
progressive consolidation in the field. In contrast, Latin America, Africa, and the Middle East remain
in more peripheral positions, with collaboration patterns largely mediated through partners in North

America and Europe, highlighting the persistence of structural asymmetries in global scientific
production (Figure 5).
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Figure 5. International collaboration network in Pneumocystis research during the most recent study period.

Node size is proportional to the volume of publications by country, link thickness reflects the strength of
collaborative ties, and node color indicates the average year of publication.

3.5. Most Productive Institutions

The analysis of the most productive institutions across the 1975-2000 and 2001-2025 periods
reveal a profound reorganization of institutional leadership in Pneumocystis research (Figure 6 A-B).
During the earlier period, scientific output was predominantly concentrated in United States—based
institutions, particularly federal agencies and major academic medical centers such as the National
Institutes of Health (NIH), VA Medical Centers, the Centers for Disease Control and Prevention
(CDQ), and universities with strong clinical traditions. This pattern reflects an initial phase of the field
closely linked to the epidemiological and clinical response to the HIV/AIDS epidemic, in which
knowledge generation was largely driven by public health priorities and descriptive clinical research.
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Figure 6. Leading institutions in Pneumocystis research during 1975-2000 (A) and 2001-2025 (B).

In contrast, the 2001-2025 period shows a shift in the axis of productivity toward hospital-based
networks and national research platforms, with a particularly strong emergence of European
institutions. Notably, Inserm and the Assistance Publique-Hopitaux de Paris lead in publication
output and clearly exceed the maximum productivity levels observed in the earlier period (Figure 6).
This shift suggests a structural transition of the field toward a phase of clinical and molecular
consolidation, supported by large hospital cohorts, transplant and oncology programs, and other
forms of non-HIV-related immunosuppression.

Despite this reconfiguration, a stable institutional core—including Mayo Clinic, Harvard
Medical School, UCSF, the NIH, and the University of Cincinnati—remains prominent across both
periods. This continuity indicates that sustained productivity in the field depends on advanced
diagnostic infrastructure, access to complex clinical populations, and long-term continuity in
research programs. At the same time, the reduced relative prominence of public health agencies in
the later period reinforces the notion of a progressive shift toward high-complexity hospital settings.

Finally, Figure 6 also highlights a geographical expansion of the field, with the inclusion of
leading institutions from Asia and Africa in the second period. Taken together, these findings indicate
that the evolution of Pneumocystis research has been not only quantitative but also structural,
transitioning from a concentrated and reactive model to a multinodal, internationalized, and
clinically integrated research landscape.

3.6. Journals

The comparison of the most prolific journals between 1975-2000 and 2001-2025 highlights a
substantial transformation in the publication landscape of Pneumocystis research (Table 2). During
the earlier period, scientific output was dominated by high-impact general medical and infectious
disease journals, including Chest, The New England Journal of Medicine, The Lancet, Annals of Internal
Medicine, and Journal of Infectious Diseases, reflecting the central clinical relevance of PCP during the
HIV/AIDS epidemic.

In parallel, the presence of specialized journals such as Journal of Protozoology and Journal of
Eukaryotic Microbiology points to an early taxonomic and biological focus, when the classification and
biology of the organism were still under active investigation, positioning the field at the interface
between clinical medicine and fundamental biology.

By contrast, the 2001-2025 period shows a clear diversification and specialization of publication
venues (Table 2). While Clinical Infectious Diseases remains a core outlet, there is a marked rise in
transplantation- and hematology-focused journals, including Transplant Infectious Disease, Bone
Marrow Transplantation, Biology of Blood and Marrow Transplantation, and Leukemia and Lymphoma,
consistent with the epidemiological shift of Pneumocystis toward non-HIV immunosuppressed
populations.

Additionally, the growing presence of case-report-oriented and open-access journals, such as
BM]J Case Reports and BMC Infectious Diseases, suggests a fragmentation of the evidence base, with
greater emphasis on heterogeneous clinical scenarios and rare presentations. The persistence of
Journal of Eukaryotic Microbiology, albeit with reduced citation impact, indicates that fundamental
biological research continues but now plays a complementary role within a predominantly clinical
framework.

Overall, these patterns reflect the maturation of the field, characterized by a shift from generalist
medical journals toward specialized clinical niches and a redefinition of how and where scientific
impact in Pneumocystis research is generated and disseminated.
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Top 10 most prolific journals in Scopus (1975-2000) Top 10 most prolific journals in Scopus (2001-2025)
Ranking Journal Pub. n Total citations / mean Quartile Ranking Journal Pub.n Total citations / mean Quartile
citations (1996-2000) * (Scimago) citations (Scimago)
(2001-2025)
1 Chest 326 9,032 /27.7 Q1 1 Clinical Infectious Diseases 239 16,762/ 77.6 Q1
2 Clinical Infectious 228 9,290 / 40 Q1 2 Transplant Infectious Disease 228 4,325/18.9 Q2
Diseases
3 New England Journal 216 40,602 / 187 Q1 3 Bone Marrow Transplantation 210 7,383 /35.1 Q1
of Medicine
4 Journal of Eukaryotic 202 2,771 /13.7 Q2 4 AIDS 165 6,491 /42.7 Q1
Microbiology
5 AIDS 193 7,289/37.7 Q1 5 BM]J Case Reports 159 673 /4.2 Q4
6 Lancet 191 7,497 [ 39.2 Q1 6 Transplantation Proceedings 153 1,817 /11.8 Q3
7 Annals of Internal 180 14,542 / 80.7 Q1 7 Biology of Blood and Marrow 152 8,916 /58.6 Q1
Medicine Transplantation
8 Journal of Infectious 159 8,487 /53.3 Q1 8 Journal of Eukaryotic 137 1,302 /9.5 Q1
Diseases Microbiology
9 134 5,264 /39 Q1 9 BMC Infectious Diseases 130 2,144/ 16.4 Q1
Antimicrobial Agents
and Chemotherapy
10 Journal of 125 1,562 /12.7 Q1 10 Leukemia and Lymphoma 121 2,316 /19.1 Q2
Protozoology

* Scopus citation information is available only from 1996 onward. Accordingly, while the document search covered the period 1975-2000, total and mean citation values could only be calculated

for publications from 1996 to 200.
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3.7. Sponsor

The analysis of the main funding sponsors reveals a strong predominance of United States
federal agencies across both study periods (Figure 7). Between 1975 and 2000, funding was markedly
concentrated in the National Institute of Allergy and Infectious Diseases (NIAID), which
overwhelmingly led the number of sponsored publications, followed by the National Heart, Lung,
and Blood Institute (NHLBI), the National Institutes of Health (NIH), and the National Cancer
Institute (NCI). Other contributors included additional NIH-affiliated institutes and a limited number
of non-U.S. organizations, indicating a highly centralized funding structure during the foundational
phase of the field.
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Figure 7. Leading funding agencies supporting Pneumocystis research across two study periods. Bar charts
showing the most frequent funding sponsors acknowledged in publications indexed in Scopus during 1975~
2000 (A) and 20002025 (B).

In contrast, the 2000-2025 period shows both consolidation and diversification of funding
sources. While the NIH and NIAID remain the leading sponsors, a broader range of international
agencies emerges, including the National Natural Science Foundation of China, the Japan Society for
the Promotion of Science, the European Commission, and Instituto de Salud Carlos III. Additionally,
industry sponsors such as Pfizer, Gilead Sciences, and Bristol-Myers Squibb appear among the most
active contributors. This shift reflects a progressive internationalization of financial support and
increased participation of Asian and European funding bodies, alongside sustained U.S. leadership.

3.8. Bibliometric Positioning of Pneumocystis jirovecii Relative to Other Pneumonia-Associated Pathogens

The comparative bibliometric analysis of pneumonia-associated pathogens reveals a marked
imbalance in scientific production across etiological agents (Figure 8). As shown in Figure 8, bacterial
pathogens such as Klebsiella pneumoniae, Streptococcus pneumoniae, and Staphylococcus aureus account
for the largest share of publications, followed by viral agents, particularly SARS-CoV-2, which
exhibits an unprecedented surge in output within a remarkably short time frame. In contrast, P.
jirovecii remains substantially underrepresented in the global research landscape.
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Figure 8. Comparative bibliometric output of major pneumonia-associated pathogens (2000-2025). Bar chart
illustrating the number of publications indexed in Scopus that address pneumonia in association with major

bacterial, viral, and fungal etiological agents during the study period.

Notably, despite its relatively recent emergence, SARS-CoV-2 rapidly accumulated a volume of
publications comparable to—or even exceeding—that of long-established bacterial causes of
pneumonia (Figure 9). This phenomenon reflects the rapid mobilization of global funding,
coordinated international research efforts, and prioritization at the highest public health levels during
the COVID-19 pandemic. By comparison, pneumocystosis—although recognized for decades as a
major opportunistic infection and associated with significant mortality in immunocompromised
populations —has not experienced a proportional expansion in research output, as evidenced by the
comparatively lower publication counts observed in Figure 8.
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Figure 9. Timeline summarizing the historical evolution of knowledge on Pneumocystis jirovecii.

The disparity illustrated in Figure 9 likely reflects structural asymmetries in research investment
rather than differences in clinical relevance alone. While the global response to COVID-19
demonstrated how rapidly scientific production can expand when substantial financial and political
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support is mobilized, pneumocystosis continues to receive comparatively limited attention despite
its persistent burden among vulnerable populations. Given the growing number of
immunosuppressed individuals worldwide —including transplant recipients, oncology patients, and
individuals receiving biologic or immunomodulatory therapies—this imbalance raises concerns
regarding whether current funding priorities adequately reflect evolving epidemiological realities.
Strengthening investment in pneumocystosis research is therefore essential to ensure advances in
diagnostics, prophylaxis, and therapeutic strategies are aligned with its ongoing clinical impact.

4, Final Considerations

The evolution of Pneumocystis research reflects a dynamic and increasingly complex field,
shaped by changing epidemiological patterns and major advances in diagnostic technologies. As
illustrated in Figure 9, knowledge has progressed from early microscopic observations and the initial
clinical recognition of Pneumocystis pneumonia (PCP), through the pivotal HIV/AIDS era, to the
taxonomic reclassification of P. jirovecii as a fungus and the consolidation of molecular diagnostic
approaches. More recently, the growing burden of PCP among non-HIV immunosuppressed
populations has redefined the epidemiological profile of this infection and highlighted new clinical,
diagnostic, and therapeutic challenges.

Despite the sustained expansion of scientific output, important structural and conceptual gaps
continue to limit progress in the field. Among these, the lack of robust and reproducible in vitro
culture systems remains one of the main technical barriers, restricting a deeper understanding of the
biology of P. jirovecii, its interaction with the host immune system, drug susceptibility testing, and
the identification of new diagnostic and therapeutic targets (15). In parallel, distinguishing
colonization from active infection continues to be a major unresolved issue, particularly in the era of
highly sensitive molecular assays (43). This challenge is especially relevant in non-HIV patients, in
whom the fungal burden is often low and the clinical presentation may differ substantially from that
of classical HIV-associated PCP (44).

At the diagnostic level, the field has evolved from conventional microscopy toward more
sensitive molecular methods, with quantitative real-time PCR currently being one of the most widely
used tools for detection (45, 46). However, further validation of less invasive specimens, including
induced sputum, nasopharyngeal aspirates, and oral wash samples, as well as emerging approaches
such as droplet digital PCR, CRISPR-based assays, and blood biomarkers such as serum (3-D-glucan,
will be essential to improve early and accurate diagnosis (45, 47-50). Therapeutically,
trimethoprim/sulfamethoxazole remains the treatment of choice, but its frequent dose-dependent
adverse events and the absence of routine culture-based susceptibility testing limit direct resistance
assessment, underscoring the need for safer regimens and improved prophylactic and treatment
strategies (51, 52).

In addition, several broader research priorities remain. A better understanding of transmission
dynamics, including the role of asymptomatic carriers, nosocomial spread, and possible vertical
transmission, is still needed to clarify the true epidemiological impact of P. jirovecii (53). At the same
time, the incorporation of artificial intelligence into radiological and clinical decision-making, along
with the expansion of multi-omics approaches, offers promising opportunities to refine diagnosis,
uncover mechanisms of pathogenesis, and identify new intervention targets (54). These integrative
strategies may be particularly valuable for understanding how P. jirovecii interacts with the
pulmonary microbiome, host immunity, and chronic respiratory disease processes (55).

Overall, future progress in Pneumocystis research will depend on multidisciplinary efforts that
combine epidemiology, molecular diagnostics, cell biology, clinical research, and computational
approaches. Advancing knowledge in these areas will not only improve our understanding of this
highly adapted opportunistic pathogen, but also support the development of more effective strategies
for the prevention, diagnosis, and management of PCP. Ultimately, accurate interpretation of P.
jirovecii detection will continue to require careful integration of clinical findings with highly sensitive
laboratory methods.
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5. Conclusion

In conclusion, this bibliometric analysis shows that research on Preumocystis jirovecii has
expanded substantially over time, evolving from an early phase dominated by the HIV/AIDS
epidemic to a more diversified and clinically integrated field increasingly focused on non-HIV
immunosuppressed populations. Nevertheless, this growth has not been matched by proportional
research prioritization when compared with other major pneumonia-associated pathogens, and
important structural inequities in scientific leadership, funding, and geographic participation remain
evident.

Despite important advances in molecular diagnostics and a broader understanding of the
epidemiological profile of PCP, major unresolved challenges continue to constrain progress,
particularly the absence of reproducible in vitro culture systems, the difficulty in distinguishing
colonization from active disease, and the need for more accurate, less invasive, and clinically
interpretable diagnostic strategies. These gaps are especially relevant in low- and middle-income
settings, where underdiagnosis and limited research capacity may mask the true burden of disease.

Taken together, our findings suggest that the future of P. jirovecii research will depend on
stronger multidisciplinary collaboration, more equitable global investment, and the integration of
molecular, clinical, epidemiological, and computational approaches. Strengthening these areas will
be essential to advance pathogen biology, improve diagnostic precision, refine prevention and
treatment strategies, and ensure that scientific priorities are better aligned with the persistent clinical
impact of pneumocystosis worldwide.

6. Limitations

This study has several limitations inherent to the bibliometric approach employed. The analysis
was based exclusively on the Scopus database; therefore, scientific output indexed in other platforms
was not considered. The lack of comparison with additional sources such as Web of Science, Google
Scholar, PubMed, Scientific Electronic Library Online (SciELO), Cochrane Library, or Embase may
limit the comprehensiveness of the bibliographic landscape evaluated. Furthermore, the selection of
search terms and the strategy applied within Scopus may introduce retrieval bias; consequently, the
findings should be interpreted as a partial representation of the existing body of literature on the
topic.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Search strategies used for the comparative bibliometric analysis of pneumonia-
associated pathogens. This supplementary material presents the Scopus search strategies applied to identify
publications related to major pneumonia-associated pathogens included in the comparative bibliometric
analysis. For each pathogen, a specific TITLE-ABS-KEY query was designed by combining the term pneumonia
with the corresponding pathogen name or commonly used alternative terms. The pathogens assessed were
Streptococcus pneumoniae, Haemophilus influenzae, Staphylococcus aureus, Klebsiella pneumoniae, Mycoplasma
pneumoniae, influenza virus, SARS-CoV-2/COVID-19, respiratory syncytial virus (RSV), Pneumocystis
jirovecii/Pneumocystis pneumonia (PCP), and Aspergillus spp. These search strategies were used to ensure a
standardized and reproducible comparison of scientific output across relevant infectious agents associated with

pneumonia.
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